Modelling fine sediment dynamics, including transport, deposition and re-suspension, is very complex. This led to studies that validate the modelled suspended particulate matter (SPM) based on in-situ measurements. While in-situ measurements are often sparse in time and space, satellite measurements provide us with higher spatial and temporal resolution. This information can be used to validate and enhance the model's capability of predicting the spatial and temporal distribution of SPM. In this paper, the SPM retrieved from the MEdium Resolution Imaging Spectrometer (MERIS) on board European Space Agency's ENVISAT spacecraft is used to carry out a thorough calibration and validation of the SPM description provided by the Delft3DWAQ model of the Southern North Sea for the year 2007. In an uncertainty analysis framework, the key model parameters affecting the SPM distributions were first identified in predefined physical regions. The sensitivity of the model to slight changes in those parameters is tested and the spatial and temporal errors compared to remote sensing images were identified and a new set of parameters has been suggested and further subjected to uncertainty to define prediction intervals of the SPM distribution at a number of locations. The so-called adapted model has been validated against independent data and has shown a decrease in errors, particularly along the Dutch coast.
INTRODUCTION
Fine sediment dynamics is an important issue as it affects the environmental conditions of water systems. In addition, sediment dynamics strongly influences the morphology of the bed with regard to bed composition and bed height.
Problems associated with sediment transport along the Dutch coast due to wave breaking in the surf zone, wave and wave-induced current, always appear during the aspects of coastal management (Qinghua ) . Fluid mud, a high concentration aqueous suspension of fine-grained sediment (cohesive sediment) in which settling is substantially hindered also constitutes a significant management problem (McAnally et al. ) . Fine-grained suspended particulate matter (SPM) is composed of small organic and inorganic particles. It may reduce water quality since it reduces light penetration. Often deposition may impede navigation due to sedimentation in harbours and access channels. Also, the fine sediment can influence the ecology in water bodies because of the attached pollutants (Eleveld et al. ) . In general, sediment transport is an important aspect in most coastal areas. Therefore, understanding the dynamics of sediment deposition, re-suspension and transportation is essential.
or show significant spatial variability (e.g. settling velocity and critical shear stress). In many cases there is an understanding of the modelled processes, which may not be detailed enough to facilitate development of accurate physically-based models and therefore leads to uncertainty in model formulation. All these issues lead to high uncertainty in model predictions. Thus, studying the sensitivity of the model to its parameters and investigating the uncertainties coming from these parameters are important in order to further improve the spatial-temporal prediction of SPM concentrations from such models. • Offshore at Zeebrugge (Belgium) at the mouth of the Western Scheldt River.
• Eastern Scheldt mouth.
• Haringvliet outlet.
• The Maasmond area.
• Further north of Maasmond is the Wadden Sea along the Dutch and German coast (not shown in the figure) .
The North Sea bed is formed mainly of sand and a small portion of mud that re-suspend during storms. Several researchers (e.g. Eisma & Irion ) have attempted to quantify sediment fluxes through the North Sea originating from these sources (Table 1) . According to these studies, there is a considerable seasonal variability of the influx of fine sediments into the North Sea. Sediment fluxes originated from coastal erosion mostly occur during rough weather conditions. Density-driven currents are created by the discharged fresh water from the River Rhine, which increases the suspended sediment concentration near to the Dutch coast. As a result of the density currents in addition to the Coriolis force, an area known as the Region of Freshwater Influence or Coastal River with a width of about 10 to 20 km is formed along the Dutch coast (WL | Delft Hydraulics ). The Coastal River exhibits strong vertical fresh-saline water induced stratification. Furthermore, the biological activity in the area can enhance flocculation, increasing the settling velocity and thus affecting sediment dynamics (De Boer et al. ) .
The sediment transport model setup (ZUNO-DD)
The hydrodynamic model for the Southern North Sea was built using Delft3D on a coarse grid addressed as the ZUNO coarse grid. The model consists of three main modules: flow, wave and water quality (transport and SPM).
The model setup for the North Sea was developed by Deltares (see Cronin et al. ) . The numerical model has a coarse grid of about 5 km by 5 km with refinements up to 500 m by 500 m at locations of importance and 12 layers in the vertical with varying layer thickness to account for the near-bed and near-surface vertical velocity gradients. The hydrodynamic model (Stelling & van Kester ; Lesser et al. ) calculates the non-steady flows and the transport coming from tidal and meteorological forcing (i.e. wind field) on a curvilinear grid. In addition, the hydrodynamic outputs (velocities, water elevations, density, salinity, vertical eddy viscosity and vertical eddy diffusivity) are used as input to the transport and water quality model Delft3D-WAQ which is used for the SPM transport computations. The Delft3D modelling system computes the advection-diffusion, settling and re-suspension of SPM in three silt fractions given the transport velocities, mixing coefficients and bed shear stress adapted from the hydrodynamic and wave models. The parameterization of the re-suspension and buffering of the silt fractions from the seabed enabled a realistic description of the periodic and relatively limited re-suspension during the The deposition towards the layers S1 and S2 is influenced by the settling velocity, V sed,IMi and a saturation factor, α IMi , that distributes the flux to the seabed and depends on the concentration, C IMi , of the inorganic fraction IMi. The main equations describing this process are illustrated below:
Under re-suspension events, the re-suspension flux of the SPM fraction, E j,IMi , occurs from the two layers. For the fluffy layer, the re-suspension of the fractions is proportional to the critical re-suspension stress layer, τ crSiIMi , and to a resuspension rate, V ResIM1 , from layer S1. Then, a type of pickup formulation, F ResPUp is applied for the re-suspension for the buffer layer. In this situation, the fines are detrained from this layer only beyond critical mobilization conditions, τ Sh . M i, j is the mass of the sediment fraction i in layer j per surface area. The erosion is thus mostly influenced by the critical Shields stress (τ Sh .) and the pickup factor, (F ResPUp ). The main equations describing this process are:
For the deposition and re-suspension process, four parameters were identified:
1. Sedimentation velocity that influences the deposition towards the S1 and S2 layers contributes to the spatial distribution of SPM; (VsedIMI) filter the non-needed data from the raw MERIS data.
The first step in the filtering process was to exclude any data that were located outside the mask that represents the limits (boundaries) of the study area. The second step in the filtering process was to remove the land and cloud pixels. The third step was to exclude the extreme values.
Last step was to exclude the pixels with bad reflection values (El Serafy et al. ). According to the spatial 
UNCERTAINTY FRAMEWORK
The uncertainty framework followed in this paper deals with three components (Figure 4) . First, the significant parameters influencing the deposition and the re-suspension mechanism were identified through the sedimentology experts' opinion 
Sensitivity of the model output to identified parameters
According to the sedimentology experts, the most significant parameters are the parameters that have influence on the deposition mechanism and on the re-suspension process as have been described in the sedimentation buffer model earlier in this paper. Since in any calibration procedure, the target is to minimize the residuals between the model output and the measurements, the sensitivity analysis here focused on the effect of small changes in the four key parameters on the residuals (i.e. between SPM distribution as an output of the model and the MERIS satellite data). The bias and RMSE are used as a measure for the residuals. Accordingly, it was decided to carry out this experiment in zone 5, 6 and 8, and by 5% in zone 1, 2 and 4, and reduces the bias by 60% in zone 6 and 7, and by 50% in zone 1 and 8. Higher sedimentation velocity allows for faster settling of sediments, which causes a decrease in the SPM concentrations in the water column and vice versa. From Figure 6 it is also obvious that, on average, the model overestimates Due to the presence of the regime if we increase the critical shear stress, less suspension in the water will occur, this will result in a decrease in the SPM in the water. In the offshore regions and at the surface layers, this effect is not observed (i.e. the SPM surface layer is not affected by the critical shear stress due to stratification and or partial mixing).
Increasing the critical shear stress for the first fraction from 0.1 to 0.15 Pa reduces the error biases by 22% in zone 7 and 9 and reduces the RMSEs by 6% in zone 6
and by 4% in zone 2. However, like the sedimentation velocity, the optimal critical shear stresses for most of the zones could not be identified and no influence of seasonality was observed. Since the model uses only a set of global parameters and since the effect of changing this parameter (critical shear stress) was observed only along the shore, this parameter was concluded to be not among the another. This is also reflected in the percentage change in the bias and RMSE due to increasing Shields shear stress.
For example, increasing the Shields stress from 1.5 to 2.5 Pa reduces the bias by 90% in zone 3, 6 and 9 and by 50% in zone 5 and 8 and reduces the RMSE by 21% in zone 5 and by 16% in zone 6, 7, 8 and 9. On the contrary, the bias is increased slightly in zone 2 and 4. It is also noted that the effect of this parameter is higher in the autumn period where rough weather conditions in November were recorded.
By changing this parameter, the model performance can be significantly affected at all zones but more pronounced along the coastal area.
The variation in the average error for all zones with changing the re-suspension pick-up factor is shown in Figure 9 .
As expressed in Equation (2), the re-suspension in the water column from the second layer is directly proportional to the re-suspension pick-up factor. As this factor increases, the SPM in the water column increases. The effect of this parameter is reversed compared to the effect of the other parameters such as sedimentation velocity, re-suspension critical stress and the Shields stress on the SPM concentration. This is also reflected in the sensitivity of the model output to the changes in the parameters. It is also concluded that this parameter affects SPM values in all zones with different intensities. Decreasing the re-suspension pick-up factor from 3.5 kg/m 2 /day to 1.0 kg/m 2 /day reduces the bias by 90% in zone 3 and 9 and by 70% in zone 6 and 7, and reduces the RMSE by 18% in zone 5 and 9 and by 16% in zone 6, 7
and 8. Like the Shields stress, the effect of this parameter is stronger during rough weather conditions. It has to be men- Analysing the performance of the adapted sediment transport model
According to the sensitivity analysis detailed in the previous section and the understanding of the behaviour of the model with respect to the changes in the identified parameters, an improved set of global parameters were estimated ( Table 2 ).
The model with the estimated set of parameters is referred to as the adapted model. The outputs of the adapted model were compared to the MERIS data to check if the model performance has been improved with respect to the data that were used in the estimation process. The RMSE and bias, averaged over the year, were calculated per zone and compared to the reference model (Table 3) .
It is clear from the summary in the table that a considerable improvement was obtained by changing the model key parameters at all zones except for the bias at zone 2 (near the British coast) and zone 4 (German Bight). As for the rest of the zones, the adapted model is better than the reference model as the bias was reduced by more than 50% in all zones and the RMSE decreased more than 20% in the alongshore zones and on average 6% in other zones. should be equal for all parameters. The probability distribution used in this division is the cumulative probability distribution from a normal or a uniform distribution. The last step is to generate randomly only one sample (value) in each row/column to cover the parameter domain. Figure 14 shows an example of applying the LHS method to sample two parameters. By knowing the range for each parameter and desired number of samples, the LHS was used to generate 100 ensembles for the eight parameters. The relatively low number of ensembles used was due to the computational time limitation (one model run was taking more than an hour).
The approach used to analyse the model performance here is similar to the one used in the sensitivity analysis.
However, the uncertainties were not assessed comparing the results to RS data only but also to the in-situ measurements. By collecting the modelled SPM concentrations after the 100 simulations at the observation points and forming 90% prediction intervals (PI) for the modelled SPM concentrations after calculating 5% and 95% quantiles, these prediction intervals were plotted for each observation point separately at all locations shown in 
CONCLUSIONS AND RECOMMENDATIONS
In this paper, the SPM retrieved from the MERIS instrument was used to carry out a thorough validation of the SPM pre- Further improvements can be achieved by including both MERIS data and field measurements of high frequency such as smart buoys into a formal estimation process for spatial variable parameters. It is also suggested to carry out a several year window analysis with such an uncertainty framework to capture the temporal variability of the system.
Finally, since every source of data is retaining its own uncertainties, it is suggested to take into account in further research the uncertainties associated with different sources of data uncertainties and model uncertainties. This can be easily included in the framework presented in this paper.
